We have previously reported that transgenic Arabidopsis plants overexpressing the wheat dehydrin DHN-5 show enhanced tolerance to osmotic stresses. In order to understand the mechanisms through which DHN-5 exerts this effect, we performed transcriptome profiling using the Affymetrix ATH1 microarray. Our data show an altered expression of 77 genes involved mainly in transcriptional regulation, cellular metabolism, stress tolerance and signaling. Among the up-regulated genes, we identified those which are known to be stress-related genes. Several late embryogenesis abundant (LEA) genes, ABA/stress-related genes (such as RD29B) and those involved in pathogen responses (PR genes) are among the most up-regulated genes. In addition, the MDHAR gene involved in the ascorbate biosynthetic pathway was also up-regulated. This up-regulation was correlated with higher ascorbate content in two dehydrin transgenic lines. In agreement with this result and as ascorbate is known to be an antioxidant, we found that both transgenic lines show enhanced tolerance to oxidative stress caused by H 2 O 2 . On the other hand, multiple types of transcription factors constitute the largest group of the down-regulated genes. Moreover, three members of the jasmonate-ZIM domain (JAZ) proteins which are negative regulators of jasmonate signaling were severely downregulated. Interestingly, the dehydrin-overexpressing lines exhibit less sensitivity to jasmonate than wild-type plants and changes in regulation of jasmonate-responsive genes, in a manner similar to that in the jasmonate-insensitive jai3-1 mutant. Altogether, our data unravel the potential pleiotropic effects of DHN-5 on both abiotic and biotic stress responses in Arabidopsis.
Introduction
Late embryogenesis abundant (LEA) proteins are members of a large group of hydrophilic, glycine-rich proteins found in plants, algae, fungi and bacteria (Dure 1993 , Wise and Tunnacliffe 2004 , Battaglia et al. 2008 . As their name suggests, they are produced in abundance during late embryo development, comprising up to 4% of cellular proteins (Roberts et al. 1993 ). Their expression is often associated with desiccation tolerance, but many LEA proteins are induced by cold, osmotic stress or exogenous ABA. Since their first discovery in cotton 30 years ago (Dure and Chlan 1981 , their precise function today remains largely unknown. Nevertheless, some evidence suggests that they may act to protect cellular structures from the effects of water loss by acting as a hydration buffer, by sequestering ions, by direct protection of other proteins or membranes, or by renaturing unfolded proteins. Based on their sequence similarity and structural characteristics, the classification of LEA proteins was re-examined and it was suggested that most of them can be distributed into three major groups (instead of six previously): group 1, group 2 and group 3 (Wise 2003 , Rorat 2006 . Group 2 LEA proteins or dehydrins (DHNs) are the most frequently described LEA protein family (Close 1997) . DHNs are subclassified by sequence motifs referred to as the K segment, Y segment, S segment and the f segment (Close 1996) . The K segment contains a lysine-rich repeat (EKKGIMDKIKEKLPG) and has been proposed to form an amphipathic helix which can combine hydrophilic and hydrophobic features (Close 1996) . The S segment consists of serine residues that may undergo phosphorylation by casein kinase 2 as was demonstrated on maize RAB17 (Plana et al. 1991 ) and ERD14 of Arabidopsis (Alsheikh et al. 2003) . The N-terminal region of many DHNs contains a conserved sequence (V/TDEYGNP), the Y segment, which shares some similarities to the nucleotide-binding site of plant and bacterial chaperones. The f segment considered as the least conserved region is enriched in glycine and polar amino acid residues. The size and the structure of DHNs are determined by the combination and number of K, S, Y and f segments.
The high hydrophilicity, high glycine content (>20%) and lack of a defined three-dimensional structure (Lisse et al. 1996) are all arguments in favor of considering DHNs as 'intrinsically unstructured/disordered proteins' (IUPs/IDPs) or 'hydrophilins' (Wright and Dyson 1999 , Garay-Arroyo et al. 2000 , Tompa 2005 , Kovacs et al. 2008 , Tompa and Kovacs 2010 .
Whereas some DHNs confer plant desiccation and cold tolerance, their exact mechanism of action is not known in detail. Earlier studies have suggested various possible biochemical activities for DHNs, including ion sequestration (Roberts et al. 1993) , water retention (McCubbin et al. 1985) , binding to lipid vesicles (Koag et al. 2003 , Kovacs et al. 2008 or metals (Svensson et al. 2000 , Kruger et al. 2002 , Heyen et al. 2002 , Alsheikh et al. 2003 , Hara et al. 2005 , and protection against heat-induced inactivation enzymes (Brini et al. 2010 ) and aggregation for various proteins (Kovacs et al. 2008 ). This latter function typical of molecular chaperones may be attributed to the flexibility and/or the lack of a well-defined structure in DHNs.
It was reported that several prokaryotic and eukaryotic IDPs have relevant cellular functions, primarily in regulating signal transduction or gene expression (Wright and Dyson 1999, Tompa 2002) . It is therefore plausible that DHNs may fulfill important functions in signal transduction or gene expression, perhaps through binding to targets such as proteins, RNA, ions and membranes.
We have previously isolated a wheat DHN, DHN-5, which, once overexpressed in Arabidopsis, confers higher tolerance to osmotic stress (Brini et al. 2007 ). In addition, we have previously observed that DHN-5 might shuttle between the cytoplasm and the nucleus (Brini et al. 2007) , perhaps according to its phosphorylation status as was previously reported for its maize counterpart RAB17 (Riera et al., 2004) . This observation prompted us to think that DHN-5 may act as a stress signaling molecule that would interact with distinct components depending on the subcellular compartment. Through its potential chaperone property (Brini et al. 2010) it is not excluded that DHN-5 can bind and stabilize transcription factors (TFs), hence regulating the expression of stress-responsive genes. To explore this hypothesis further, looking for cellular partners of DHN-5 would be an attractive option. However, because of the lack of well-defined structure in DHNs, genetic and biochemical approaches have so far been unsuccessful in identifying DHNinteracting proteins. As an alternative, here we performed a comprehensive transcriptome profiling, using the Affymetrix ATH1 microarray, on DHN-5 Arabidopsis transgenic plants to explore potential targets with which DHN-5 may interact and hence improve stress tolerance. This approach identified a number of genes involved not only in abiotic stress tolerance but also in biotic stress tolerance. We also provide evidence that DHN-5 confers higher tolerance to oxidative stress in which ascorbate (AsA) seems to be involved. Additionally, a possible functional link between DHN-5 and the jasmonate (JA) response in transgenic plants is discussed. All together our data suggest that DHN-5 may have pleiotropic effects on several stress-responsive genes in Arabidopsis, and offer new alternatives for engineering multiple stress-tolerant crop plants through the modulation of the expression of a single gene.
Results and Discussion
Transcript profile analysis of the Arabidopsis transgenic line DH-4 overexpressing In order to better understand the involvement of DHN-5 in the enhancement of osmotic stress tolerance, we performed global expression profiling on Arabidopsis transgenic plants (line DH-4) overexpressing DHN-5 cDNA (Brini et al. 2007 ) using the Affymetrix gene chip microarray ATH1. Total RNAs prepared from 2-week-old seedlings of DH-4 and wild-type (WT) plants grown on Murashige and Skoog (MS) plates were hybridized to the arrays, and the differences in the expression profiles were investigated (see Materials and Methods).
To determine meaningful differences between these samples, two statistical cut-offs were considered: (i) fold changes in DH-4 compared with the WT >2 or <2 for up-regulated and down-regulated genes, respectively; (ii) the FDR-corrected Pvalue according to the moderated t-test (see Materials and Methods) must be <0.05. Among approximately 24,000 genes, only 77 genes were significantly affected in DH-4 compared with the WT plants. Within this group, the expression levels of 26 genes were increased and those of 51 genes were decreased (Tables 1, 2). A number of genes revealed by microarray analyses were also evaluated by the reverse transcription-PCR (RT-PCR) approach (Fig. 1) in the DH-4 line as well as in another independent transgenic line overexpressing DHN-5 (i.e. DH-2).
Genes that are up-regulated in the DH-4 line
The analysis of the 26 up-regulated genes in the DH-4 line revealed that 50% of them encode stress-related proteins controlling biotic and abiotic stress responses. All these genes showed an approximately 2-to 3-fold increase, except for one encoding a putative LEA protein (AT1G52690) where a very high expression level was registered (34-fold according to the microarray data). The predicted sequence of this LEA protein suggests that it belongs to a structural group (former group 4) distinct from DHN-5 (Hundertmark and Hincha 2008) . To address the question of whether this putative LEA (referred to here as LEA4) gene can also be up-regulated by other DHNs such as the maize RAB17 (the homolog of DHN-5), we performed RT-PCR on Arabidopsis plants transgenic for the maize RAB17 gene . Our results show again that this gene is up-regulated in RAB17-overexpressing plants (data not shown), suggesting a general mechanism for the activation of transcription of this particular LEA gene by other DHNs.
In addition to LEA4, microarray analysis revealed that two other DHN-/LEA-encoding genes were also induced by DHN-5 overexpression. These were the LTI30/XERO2 (LOW TEMPERATURE-INDUCED 30) and RAB18 (RESPONSIVE TO ABA 18) genes. All these DHNs are known to be induced by ABA and play a role in salt, cold and water stress tolerance mechanisms (Puhakainen et al. 2004) . RD29B, another typical ABA-responsive gene, was also up-regulated (YamaguchiShinozaki and Shinozaki 1993) . Interestingly, the RD29B, LEA4, LTI30 and RAB18 genes were shown to be co-regulated (http:// atted.jp/data/cor/At5g52300.html), indicating that they should share common cis-regulatory sequences in their promoters. We queried the PLACE database for the analysis of the cis-regulatory elements in 1,000 nucleotide upstream sequences of these four genes. Among the most recurrent elements found in this analyis were the ABA-responsive elements (ABREs) that are required for the dehydration-responsive expression of RD29B (Yamaguchi-Shinozaki and Shinozaki 1994), ERD1 (early responsive to dehydration), LTRE (low-temperature responsive element) and the MYC recognition site (Table 3) .
Moreover, SPA1 (suppressor of phyA) a member of the SPA family, seems to be >3-fold induced in the DH-4 line. The fourmember SPA protein family of Arabidopsis acts in concert with the E3 ubiquitin ligase CONSTITUTIVELY PHOTOMORPHOGENIC1 (COP1) to suppress photomorphogenesis in dark-grown seedlings, as well as for normal elongation growth of the adult plant (Laubinger et al. 2004) . The up-regulation of SPA1 in the DH-4 line thus suggests that DHN-5 may be involved in regulating photomorphogenesis in Arabidopsis.
As the physiological comparative analyses of WT and DH-4 plants showed significantly higher accumulation of Na + and K + in the transgenic line (Brini et al. 2007 ), we expected to identify on the chip genes encoding ion transporters for which a contribution to ion homeostasis and osmotic stress tolerance were well documented (Zhu 2003 , Pardo et al. 2006 . Unexpectedly, none of these genes was up-regulated, except KUP7 (AT5G09400) encoding a putative potassium transporter. The KUP7 gene was shown to be able to complement Escherichia coli mutants deficient in K + uptake, confirming its role in K + transport (Ahn et al. 2004 ). In addition, KUP7 was also previously found to be up-regulated in nhx1, a T-DNA insertional mutant where the gene coding for the vacuolar Na + /H + antiporter was knocked out (Sottosanto et al. 2004) . Although not proven, this up-regulation was proposed to have a compensatory effect in the nhx mutant in helping the establishment of ion homeostasis through K + uptake. It is therefore not excluded that in our DHN transgenic line, KUP7 also contributes to an increase in K + uptake and therefore facilitates ion homeostasis and helps the plant to counteract the salt stress conditions.
On the other hand, although higher amounts of proline were detected in the DHN transgenic plants, none of the genes encoding proteins involved in proline biosynthesis pathways was found to be up-regulated in our microarray data. This result can be due to a post-translational effect of DHN-5 on those enzymes. It is plausible that DHN-5, as a chaperone-like protein, may improve their stability and therefore their efficiency in producing proline. It was previously proposed that LEA/DHNs can have protective roles on other proteins and prevent their aggregation, especially under water stress (Goyal et al. 2005) . It is worth noting that our measurements of proline contents were performed on plants grown under standard conditions, suggesting that the DHN-overexpressing plants may already be 'on alert' for an eventual environmental change such as water stress.
Among the highly induced transcripts in DH-4 seedlings that were putatively related to defence responses, we detected five members of the pathogenesis-related (PR) proteins. The classification of PR proteins was recently reviewed (Sels et al. 2008) , and novel peptide families were added, including proteinase inhibitors (PR-6 family), plant defensins (PR-12 family), thionins (PR-13 family), chitinases (PR-3, -8 and -11) and lipid transfer proteins (PR-14 family). In addition to PR-1 (AT2G14610) and PR-13 (AT1G66100), transcripts encoding a putative lipid transfer protein (LTP4, AT5G59310) and chitinases (AT2G43610, AT4G19820) were also more abundant in the DH-4 line ( Table 1) . LTP4 was shown to be strongly up-regulated by ABA and osmotic stress (Arondel et al. 2000 , Chae et al. 2010 . This finding suggests that DHN-5 may play a role, through the activation of some PR genes, in modulating the defense response of Arabidopsis against pathogens.
The dehydrin transgenic lines accumulate higher amounts of ascorbate and show enhanced tolerance to oxidative stress
The MDHAR (monodehydroascorbate reductase) gene (AT3G09940) is among the genes up-regulated in both DHN transgenic lines DH-4 and DH-2 (Fig. 1) . The MDHAR enzyme plays a critical role in ascorbic acid (known also as vitamin C) recycling by catalyzing the reduction of the monodehydroascorbate (MDHA) radical to AsA, using NADH or NADPH as an electron donor (Smirnoff 2000) . For this reason, we investigated whether the transcription induction of the MDHAR gene correlates with an increase in the endogenous amount of AsA produced by DHN overexpressors. HPLC was performed on 2-week-old seedlings of DH-4, DH-2 and WT plants to measure the amounts of AsA. Compared with the WT, our data show that the level of AsA is $2-and 2.5-fold higher in the DH-4 and DH-2 lines, respectively (Fig. 2) . It has been shown recently that the overexpression of a wheat MDHAR can result in a substantial increase in the AsA level in tobacco and maize transgenic plants (Chen et al. 2003) . AsA is the major antioxidant in the plant cell, which acts either as a scavenger of toxic reactive oxygen species (ROS) including the superoxide radical (O À 2 ), the hydroxyl radical (OH À ) and hydrogen peroxide (H 2 O 2 ), or as a substrate for a specific ascorbate peroxidase in the detoxification of H 2 O 2 . As the generation of ROS is increased under stress conditions, AsA is believed to contribute actively in enhancing tolerance to various environmental stresses (Noctor and Foyer 1998) . We therefore addressed the question of whether the enhanced accumulation of AsA in DHN transgenic lines leads to an improved tolerance to oxidative stress. For this purpose, we compared the effects of exogenous H 2 O 2 on the growth of WT, DH-4 and DH-2 plants. As illustrated in Fig. 3 , the growth inhibition in DH-4 and DH-2 lines is much less severe than in WT plants, indicating that these transgenic lines may have enhanced tolerance to the oxidative stress caused by H 2 O 2 .
As a scavenger of ROS, it is likely that the AsA accumulating in higher amounts in DH-4 and DH-2 lines has helped plants to withstand H 2 O 2 -mediated oxidative stress.
To strengthen this hypothesis, we performed a staining assay on the leaves based on nitroblue tetrazolium (NBT) to detect superoxide (Fig. 4) . Under standard conditions, WT leaves show a weak NBT staining, whereas in the DH-4 line there is almost no superoxide detected in our assay. After salt stress and in contrast to the DH-4 line, an intense NBT staining was observed on WT leaves, indicating an increase in the amount of the superoxide. This finding serves as a proof of concept and demonstrates that DHN-5 overexpression contributes (perhaps via AsA) to reducing the accumulation of superoxide generated by salt stress.
Genes that are down-regulated in the DH-4 line
Among the 51 down-regulated genes, we identified 13 that are annotated as TFs including mainly those mediating hormone signaling (e.g. JA and ethylene). Most importantly, several members of the jasmonate-ZIM domain (JAZ) family, including JAZ10 (AT5G13220), JAZ7 (AT2G34600) and JAZ5 (AT1G17380), are severely down-regulated. We registered a transcript reduction ranging from 2.5-to 10-fold. In addition, members of the ERF (ethylene-responsive factor) and the ERF/ AP2 (AT1G21910 and AT1G77640) TF families were repressed. On the other hand, several genes that were revealed by the chip were shown to be co-regulated with JAZ genes (http://atted.jp/ data/cor/At1g17380.html). Among these, we noted ERF1 The table shows the number of selected core motifs found in 1,000 nucleotides upstream of Group LEA (AT1G52690), RD29B (AT5G52300) LTI30/XERO2 (AT3G50970) and RAB18 (AT5G66400) genes. ABRE, ABA-responsive element; ERD, early responsive to dehydration; LTRE, low temperature-responsive element; MYC, binding site of ATMYC2, found in the promoters of the dehydration-responsive gene rd22. a Both sites overlap, and the indicated numbers are not cumulative (Prestridge 1991 , Higo et al. 1999 ).
(AT4G17500), ERF2 (AT5G47220) and MYB73 (AT4G37260) TFs, CYP94C1 (AT2G27690) and PHI-1 (AT1G35140). Furthermore, we registered the down-regulation of two members of the plant WRKY transcription factor family, WRKY33 (AT2G38470) and WRKY70 (AT3G56400). WRKY transcription factors are known to regulate the antagonistic relationship between defense pathways mediating responses to bacteria and necrotrophic fungal pathogens (Li et al. 2006 , Zheng et al. 2006 . This is an additional indication that DHN-5 may be involved in pathogen response and in particular response to necrotrophic pathogens. Nevertheless, the functional link between DHN-5 and WRKYs may be only due to the fact that these TFs are also involved in abiotic stress tolerance (Jiang and Deyholos 2008) .
The dehydrin transgenic plants are less sensitive to jasmonate
The recent discovery of the JAZ family dramatically changed our understanding of JA signaling in Arabidopsis. The JAZ proteins are key regulators and act as repressors in JA hormonal response. Indeed, JA causes degradation of several JAZ repressors and this degradation depends on activities of the SCF COI1 ubiquitin ligase and the 26S proteasome (Chini et al. 2007 , Thines et al. 2007 , Chico et al. 2008 , Staswick 2008 , Fonseca et al. 2009 ). The elimination of JAZ repressors enables the MYC2 transcription factor to regulate JA-dependent gene expression. As it is well established that JA acts as a key signaling molecule in defense against pathogens and insects, it might be possible that DHN-5 affects, via the down-regulation of some JAZ-encoding genes, these defense responses in Arabidopsis. However, as Arabidopsis produces 12 distinct JAZ proteins, a functional redundancy is most likely to occur, resulting in a non-affected defense response or up-regulation of JAresponsive genes in DHN transgenic lines compared with WT plants. In fact, loss of function of individual JAZ genes does not alter plant sensitivity to JA, confirming this functional redundancy (Chini et al. 2007 , Thines et al. 2007 ). Alternatively, down-regulation of JAZ genes in the DH-4 line may reflect the fact that JA-induced gene expression is compromised at least in part, considering that expression of some of JAZ genes is induced as a negative feedback after the JA response (Chini et al. 2007) . If this was the case, the DHN transgenic lines might be less sensitive to JA. To test this hypothesis, we examined the sensitivity of the DHN transgenic lines to JA. As expected, when compared with WT plants, the lines DH-4 and DH-2 show an enhanced resistance to JA (Fig. 5A) .
The treatment of WT seedlings with JA reduced root length to $20% of those of controls. In contrast, in the seedlings of DH-4 and DH-2 lines treated with JA, the root length was reduced to only $70% (Fig. 5B) This resistance remains less pronounced, however, than that observed in the jai3-1 (jasmonate-insensitive 3-1) mutant (Chini et al. 2007) , in which the root growth was not affected by JA treatment. The jai3-1 mutation results from a splicing defect that eliminates a conserved Jas motif near the C-terminus of the JAZ3 protein. The Jas motif was shown to be the target for the SCF COI1 ubiquitin ligase which leads to the degradation of JAZ repressors via the 26S proteasome in Arabidopsis (Chini et al. 2007 , Thines et al. 2007 , Chico et al. 2008 , Staswick 2008 . The jai3-1 mutation disrupts the degradation of JAZ proteins, by sticking the defective JAI3 to COI1, and thereby perturbs the JA signaling in a dominant manner.
To gain further insights into how the down-regulation of JAZ genes and the jai-like phenotype are connected in the DHN transgenic plants, we monitored the expression profiles of four JA-responsive genes (VSP2, LOX3, PR1 and PDF1.2) in the DH-4 and DH-2 lines. VSP2 (AT5G24770) and LOX3 (AT1G17420) are both markers for wound responses, whereas PR1 (AT2G14610) and PDF1.2 (AT5G44420) are pathogen-responsive genes. As shown in Fig. 6 , the JA-induced expression of the VSP2 and LOX3 genes in the DH-4 and DH-2 lines is moderately diminished compared with that observed in WT plants. In contrast, as observed earlier, the basal level of expression of PR1 is enhanced in both DHN transgenic lines. In addition, PR1 and PDF1.2 show a higher expression level in lines DH-4 and DH-2 after JA treatment. The degree of induction of the PDF1.2 gene is remarkably higher in the transgenic lines. Moreover, the overall expression profiles of the four genes in DH-4 and jai3-1 lines are strikingly similar since they all seem to be induced to the same extent. Most interestingly, a high level of induction of PR1 and PDF1.2 genes was also reported in myc2 which is another JA-insensitive mutant (jai1/jin1) (Lorenzo et al., 2004) . It has indeed been shown that MYC2 antagonistically regulates two JA signaling pathways controlling either pathogen or wounding responses. In this differential regulation, MYC2 represses pathogenresponsive genes (such as PR1 and PDF1-2) and activates genes involved in wound responses (VSP2 and LOX3) (Lorenzo et al. 2004) . It is already well established that the JA insensitivity of jai3 or jai1 mutants is related to defects in MYC2-dependent expression of JA-responsive genes. It is hence possible that the expression of a number of MYC2-dependent genes is impaired in DHN-5-overexpressing lines, leading to (a partial) insensitivity to JA. In other words, DHN-5 may have interfered with MYC2 function, resulting in the higher JA induction of PR1 and PDF1.2 genes and compromised expression of VSP2 and LOX3 genes in the transgenic lines. Consistent with this, JAZ10, JAZ7 and JAZ5 genes, which are down-regulated by DHN-5 overexpression, are known to be positively regulated by MYC2 (Chini et al. 2007 ). These results finally provide the evidence that DHN-5 might disturb MYC2-dependent transcription to some extent, which results in alteration of the expression of a subset of JA-responsive genes especially those required for pathogen responses in Arabidopsis.
In conclusion, our data reveal that DHN-5 seems to affect abiotic and biotic stress responses perhaps through interfering with synergistic or antagonistic cross-talk between multiple stress signaling pathways. Future work will tell us whether DHN-5 or other DHNs can provide a breakthrough in understanding the molecular mechanisms regulating that cross-stress tolerance.
Materials and Methods

Plant material, growth conditions and stress treatments
Seeds of WT Arabidopsis thaliana (Columbia ecotype) and transgenic DHN-5 plants were treated with 70% ethanol for 2 min and with 5% bleach for 15 min, washed five times with sterile water, and plated on MS agar medium (Murashige and Skoog 1962) under light/dark cycle conditions of 16/8 h at 22 C. For seedling growth under stress treatments, 1-week-old seedlings were transferred onto agar plates containing 100 mM NaCl, 3 mM H 2 O 2 . For the root growth assay, 7-day-old seedlings were transferred onto agar plates with or without 50 mM JA and incubated for a further 2 weeks. Root lengths were measured directly on a wetted ruler. 
Microarray experiments and data analysis
Total RNA was isolated from 2-week-old seedlings of Arabidopsis plants using the RNeasy Plant mini Kit (Qiagen) according to the manufacturer's instructions. The integrity of all RNA samples was assessed by agarose gel (1.2%) electrophoresis. Two independent biological replicates of WT and DH-4 transgenic plants were set up. After quality monitoring, the extracted RNA was prepared for array analysis as described by the manufacturer (Affymetrix_GeneChip_Expression Analysis Technical Manual; http://www.affymetrix.com), using the chemicals and reagents as suggested. A total of 3 mg of RNA was labeled using the Affymetrix One Cycle cDNA synthesis kit. Poly(A) RNA spikes were added to the reaction to determine the labeling efficiency. The cDNAs produced were cleaned through Qiagen columns and then converted into biotinlabeled cRNAs using the Affymetrix IVT labeling kit. After purification and quantification, a total of 10 mg of labeled cRNAs was fractionated prior to hybridization on individual gene chips. Microarray hybridizations were performed using the Affymetrix Arabidopsis ATH1-121501 Genome Array GeneChip (containing probe sets for 22,746 predicted and known expressed Arabidopsis genes), according to the manufacturer's manual and as described (Dombrecht et al. 2007) . The probe-level intensities from the CEL files were normalized and summarized with the GeneChip Robust Multi-array Averaging (GC-RMA) algorithm (Wu et al. 2004 ). The normalized expression values were then analyzed by the Limma (Linear model for microarray analysis) method which was shown to provide a more stable inference in the case of few biological replicates using the so-called empirical Bayes moderated t-test (Smyth 2004 ) with linear modeling. All statistical analyses were performed using Bioconductor solution (www.bioconductor. org) under the R platform (www.r-project.org). Only changes in gene expression generating an FDR-corrected P-value <0.05 are retained. Selected genes were validated using RT-PCR.
RNA extraction and RT-PCR
Total RNA was extracted from 200 mg of 2-week-old seedlings of Arabidopsis transgenic and WT plants using the RNeasy Plant mini Kit (Qiagen). To remove contaminating DNA, RNAs (10 mg) were treated with RNase-free DNase (Promega). DNase-treated RNA samples (0.5 mg) were reverse transcribed using M-MLV reverse transcriptase (Invitogen). The reverse transcription reactions were performed at 37 C for 1 h using 2 mM oligo(dT 18 ). A 2 ml aliquot of the first-strand cDNAs was used as the template for PCR amplification with a pair of gene-specific primers. The sequence primer pairs are given in Table 4 . An Arabidopsis Actin gene fragment used as an internal control was amplified with the following pair of primers: 5 0 -G GCGATGAAGCTCAATCCAAACG-3 0 and 5 0 -GGTCACGACCA GCAAGATCAAGACG-3 0 . The PCR products were separated by agarose gel electrophoresis.
NBT treatment
Arabidopsis transgenic and control plants treated or not with 100 mM NaCl were placed in a tube containing the NBT solution (0.1 mg ml À1 NBT, 25 mM HEPES, pH 7.6) and subjected to vacuum infiltration for 5 min. Then, the plants were incubated under dark conditions for 2 h. Finally, the leaves were treated with 80% ethanol and the staining was observed under a microscope with fluorescence.
Ascorbate content determination
AsA contents were measured by HPLC using the HPLC Agilent 1100 series. A 0.5 g aliquot of Arabidopsis leaves was ground in 1% H 2 SO 4 and the extract was filtered using 0.45 mm filters (Millipore). Then 100 ml of the samples were loaded on a Eurospher 100 C18 (25 cm Â 4.6 mm Â 5 mm) reversed phase column. Elutions were performed in a buffer of 0.5% NaH 2 PO 4 /acetonitrile (93%:7%), pH 2.5, according to an isocratic mode. The flow rate was 0.7 ml min À1 and the detection was performed at 280 nm. The following dilutions of pure standard AsA (Aldrich) were employed 0.5, 0.25 and 0.1 mg ml
À1
.
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